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New  nanostructured  carbons  have  been  prepared  from  pyrolysis  of  recently  developed  highly  porous  cellu¬ 
lose,  aerocellulose  (AC).  Aerocellulose  is  an  ultra-light  and  highly  porous  pure  cellulose  material  prepared 
from  cellulose  gels  followed  by  drying  in  carbon  dioxide  supercritical  conditions.  The  carbonized  aerocel¬ 
lulose  (CAC)  materials  were  obtained  after  pyrolysis  of  the  aerocellulose  under  nitrogen  flow  at  830  °C,  and 
subsequently  doped  by  platinum  nanoparticles.  The  platinum  insertion  process  consisted  of  (i)  thermal 
activation  at  various  temperatures  in  C02  atmosphere,  (ii)  impregnation  by  PtCl62-  and  (iii)  platinum  salt 
chemical  reduction.  The  aerocellulose  materials  and  their  carbonized  counterparts  were  investigated  by 
scanning  and  transmission  electron  microscopy  (SEM  and  TEM),  mercury  porosimetry  and  thermogravi- 
metric  analysis.  The  morphology  of  the  platinum  particles  deposited  on  the  carbonized  aerocellulose 
materials  (Pt/CAC)  was  investigated  by  transmission  electron  microscopy  (TEM)  and  X-ray  diffraction 
(XRD):  the  Pt  particles  are  of  4-5  nm  size,  mainly  agglomerated,  as  a  result  of  the  complex  surface  chem¬ 
istry  of  the  CAC.  Their  electrocatalytic  activity  was  investigated  by  quasi-steady-state  voltammetry  in  the 
rotating  disk  electrode  (RDE)  setup,  regarding  the  oxygen  reduction  reaction  (ORR).  The  Pt/CAC  materials 
exhibit  ORR  specific  activities  comparable  with  those  of  commercial  Pt/Vulcan  XC72R.  Their  mass  activity 
is  lower,  as  a  result  of  the  ca.  10  times  smaller  specific  area  of  platinum  as  compared  with  the  commercial 
electrocatalyst.  We  nevertheless  believe  that  provided  an  appropriate  pyrolysis  temperature  is  chosen, 
such  green  carbonized  aerocellulose  could  be  a  promising  electrocatalyst  support  for  PEM  application. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

With  the  growing  interest  for  clean  energies,  many  laboratories 
nowadays  focus  on  the  development  of  proton  exchange  mem¬ 
brane  fuel  cell  (PEMFC),  thanks  to  its  potential  interest  regarding 
the  reduction  of  emission  of  greenhouse  gases  (provided  renew¬ 
able  fuels  are  used).  However,  despite  such  apparent  concern  of  the 
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research  community  about  ecological  energy  production  systems, 
very  few  PEFMC  electrode  materials  are  indeed  green  materials.  For 
example,  the  current  PEMFC  electrocatalysts  consist  of  platinum 
nanoparticles  deposited  onto  high-area  carbon  black  particles  (e.g. 
250  m2g-1  for  Vulcan  XC72)  [1].  Carbon  blacks  usually  originate 
from  the  fossil  fuel  industry  (aromatic  oils,  natural  gas,  acethylene) 
and  various  processes  of  thermal  oxidizing  decomposition  (furnace, 
lamp,  channel)  or  thermal  decomposition  (acethylene  or  plasma). 
Presently,  95%  of  the  production  originates  from  the  (incomplete) 
furnace  decomposition  of  fossil  fuels,  yielding  severe  production  of 
CO2,  NO2,  H2S  and  CO.  In  addition,  the  process  efficiency  is  low  (ca. 
30%  effective  carbon  conversion),  despite  the  high  temperatures 
used  1100-1600  °C,  themselves  inducing  high  energy  consump¬ 
tion  [2].  Since  15  years,  carbon  aerogels  (CA)  have  been  evaluated 
as  high-area  carbon  substrate;  these  nanoporous  and  nanostruc¬ 
tured  materials  are  likely  produced  via  a  sol-gel  process  followed 
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by  supercritical  drying,  yielding  organic  aerogels  which  are  further 
pyrolyzed  into  CA  at  temperatures  typically  below  1100  °C,  which 
involves  smaller  energy  consumption.  Carbon  aerogels  from  the 
resorcinol-formaldehyde  (RF)  systems,  first  synthesized  by  Pekala, 
display  high  electronic  conductivities  and  high  surface  area  [3] 
as  well  as  sizeable  porosity:  CA  with  high  mesoporous  and  low 
microporous  volumes  can  be  tailored  on  demand  [4-6],  which  ren¬ 
der  them  adapted  for  electrochemical  applications,  like  fuel  cell 
electrodes  materials  [7-10].  We  recently  showed  that  Pt-doped  car¬ 
bon  aerogels  (Pt/CA)  may  display  better  electrochemical  activity 
than  commercial  or  home-made  Pt-doped  carbon  blacks  [  11  ].  Other 
more  environment-friendly  carbon  aerogel  precursors  were  recently 
considered  for  use  as  PEMFC  materials  [  12,13  ],  like  cellulose  acetate 
aerogels  [14-16]. 

In  this  paper,  we  present  the  first  results  on  using  a 
recently  developed  highly  porous  pure  cellulose  material,  so-called 
aerocellulose  (AC)  [17,18],  in  the  carbonized  form  (carbonized  aero- 
cellulose,  CAC),  as  a  support  material  in  PEMFC.  What  we  want 
to  present  here  is  firstly,  the  new  materials:  carbonized  aerocellu¬ 
lose,  and  their  elaboration  procedure  and  secondly,  their  potential 
as  platinum  nanoparticles  substrate  for  oxygen  reduction  electro¬ 
catalysis.  We  provide  a  comprehensive  study  of  the  elaboration 
of  the  Pt/CAC  materials  starting  from  the  preparation  of  aero¬ 
cellulose  from  cellulose-sodium  hydroxide  solution,  followed  by 
its  supercritical  C02  drying  and  subsequent  pyrolysis,  and  finally 
the  deposition  of  platinum  nanoparticles  onto  the  CAC  surface. 
The  physicochemical  properties  of  the  AC,  CAC  and  Pt/CAC  mate¬ 
rials  were  investigated  using  scanning  or  transmission  electron 
microscopy  (SEM  and  TEM,  respectively),  X-ray  diffraction  (XRD), 
thermogravimetric  analysis  (TGA),  mercury  porosimetry  and  ele¬ 
mental  analysis.  The  electrochemical  properties  of  the  Pt/CAC 
materials,  e.g.  the  active  area  of  deposited  platinum  (SPt)  and 
the  oxygen  reduction  reaction  (ORR)  electroactivity,  were  deter¬ 
mined  from  COad-stripping  coulometry  and  quasi-steady-state  ORR 
voltammetry,  respectively,  in  the  classical  rotating  disk  electrode 
(RDE)  setup  [19,20]. 

2.  Experimental 

2 A.  Materials  for  the  elaboration  of  aerocellulose  and  carbonized 
aerocellulose 

Cellulose  used  was  microcrystalline  Avicel®  PH-101,  degree  of 
polymerization  180,  purchased  from  FMC  (noted  as  cellulose  in  the 
following).  NaOH  was  of  97%  purity,  purchased  from  VWR.  Acetone 
of  analytical  grade  (99.9%)  was  purchased  from  Fisher  Bioblock. 
Distilled  water  was  used  for  the  preparation  of  solutions.  The  con¬ 
centrations  are  given  in  wt%. 

C02  (industrial  grade,  Air  Liquide)  was  used  for  the  drying  of 
aerocellulose  precursors  in  supercritical  conditions,  while  nitro¬ 
gen  (4N5,  Air  Liquide,  France)  and  argon  (U,  Air  Liquide)  were  used 
for  the  aerocellulose  pyrolysis  and  the  TGA  analyses,  respectively. 
High-purity  CO  (N45,  Alphagaz),  02  and  Ar  (N45,  Messer)  gases 
were  used  for  the  electrochemical  characterizations. 

NaBH4,  H2S04  and  H2PtCl6  products  were  used  in  the  Merck 
Suprapur  quality  for  the  Pt/CAC  elaboration  procedure.  Isopropanol 
was  purchased  from  Aldrich  for  the  Pt/CAC  ink  preparation. 

2.2.  Physical  characterization  techniques 

2.2 A.  Scanning  and  transmission  electron  microscopy 

SEM  pictures  of  the  AC  and  CAC  were  kindly  provided  by 
Fraunhofer  Institute  for  Applied  Polymer  Research  (FhG-IAP),  Post¬ 
dam,  Germany,  using  a  scanning  electron  microscope  model  JSM 
6330JEOL  F  at  an  acceleration  voltage  of  5  kV. 


The  TEM  images  for  the  AC  and  platinum-free  CAC  were  made  in 
CEMEF  with  a  PHILIPS  CM12  transmission  electron  microscope  at 
an  acceleration  voltage  of  120  kV.  The  AC  or  its  pyrolyzed  counter¬ 
part  (CAC)  was  deposed  on  a  copper  grid.  The  grid  was  then  placed 
into  the  chamber  through  an  airlock  and  bombarded  with  a  focused 
electron  beam. 

TEM  and  high-resolution  (HR)-TEM  images  were  also  obtained 
at  the  Consortium  des  Moyens  Technologiques  Communs,  CMTC, 
Grenoble,  for  the  Pt/CAC  electrocatalysts  on  a  Jeol  2010  apparatus 
equipped  with  a  LaB6  filament,  at  an  acceleration  voltage  of  200  kV. 

2.2.2.  X-ray  diffraction 

X-ray  diffraction  patterns  were  recorded  for  the  Pt/CAC  elec¬ 
trocatalyst  using  a  Siemens  D500  (Bragg-Brentano  configuration) 
using  a  Cu  Ka  source  operating  at  40  kV  and  30  mA.  The  20  angle 
was  varied  from  20°  to  130°  using  an  equivalent  step  size  of  0.067° 
and  accumulating  data  for  ca.  60  s  per  step.  The  Pt  crystallite  size 
was  determined  using  the  well-known  Scherrer  equation  for  the 
reflections  of  the  (1  1  1),  (2  2  0)  and  (2  2  2)  diffraction  peaks  of  the 
Pt  face-centered  cubic  lattice.  For  this  purpose,  we  determined  the 
integral  width  of  each  diffraction  peak,  and  corrected  the  obtained 
value  by  the  instrumental  width  of  the  equipment  (ca.  0.00105  rad). 
For  each  sample,  the  crystallite  diameters  presented  in  the  text 
were  averaged  for  the  reflections  of  the  (111),  (2  2  0)  and  (2  2  2) 
diffraction  peaks. 

2.2.3.  Porosity  measurements 

Mercury  (Hg)  porosimetry  measurements  were  performed  on  a 
Micromeritics  Autopore  IV  porosimeter  by  SAFT,  Bordeaux,  France. 
This  technique  is  based  on  the  fact  that  mercury  has  a  high  sur¬ 
face  tension,  485  mN  m-1  and  is  a  strongly  non-wetting  liquid  for 
most  substrates.  The  pore  size  distribution  was  determined  from 
the  mercury  intrusion  data,  i.e.  the  volume  of  mercury  penetrating 
the  pores  versus  the  applied  pressure  P.  Under  the  assumption  that 
all  pores  are  cylindrical,  the  pore  diameter,  D,  calculated  from  the 
value  of  P  using  a  well-known  Laplace- Washburn  capillary  law  (Eq. 
(1)): 

D  =  4y(p)cos&  0) 

where  y  and  0  denote  the  surface  tension  of  mercury  and  the  con¬ 
tact  angle  of  mercury  (arbitrary  taken  at  130°)  with  the  sample, 
respectively.  The  value  of  130°  origins  from  the  pioneering  work 
of  Orr  and  Dallavalle  in  1959  [21]  who  considered  it  as  an  aver¬ 
age  for  all  materials.  A  more  recent  recommendation  of  IUPAC  is 
141°  [22].  For  Groen  et  al.  [23],  contact  angles  may  vary  between 
125°  and  160°,  according  to  the  material  and  its  hydrophilicity.  For 
pure  carbon  (graphene)  150°  should  be  chosen.  As  it  will  be  shown 
in  Section  3.4,  our  materials  are  not  very  graphitized  and  rather 
hydrophilic,  we  thus  arbitrarily  have  chosen  130°. 

2.2.4.  FTIR  characterization  of  the  raw  and  activated  CAC  samples 
The  activated  and  raw  (not  activated)  CAC  chemical  surface 

groups  were  investigated  by  Fourier  Transformed  InfraRed  (Nico- 
let  710  spectrometer)  spectroscopy  before  platinum  insertion.  For 
this  purpose,  we  mixed  1  mg  CAC  powder  with  500  mg  of  KBr  in 
an  agate  mortar;  the  resulting  mixture  was  pressed  successively  at 
5  tons  for  3  min  and  at  10  tons  for  3  min,  so  as  to  obtain  a  pellet. 
The  FTIR  spectra,  recorded  between  4000  and  225  cm-1  at  4  cm-1 
resolution,  were  averaged  over  100  scans. 

2.3.  Preparation  of  aerocellulose 

A  detailed  description  of  aerocellulose  preparation  and  mor¬ 
phology  is  given  in  Refs.  [17,18].  Here  we  briefly  remind 
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the  main  preparation  steps  putting  the  accent  on  details 
that  influence  the  properties  of  carbonized  aerocellulose.  First, 
cellulose-NaOH-water  solutions  were  prepared  by  mixing  Avicel® 
with  7.6%  NaOH-water  solution  at  -6°C  and  stirring  at  a  rate  of 
1000  min-1  for  2  h.  Cellulose  concentration  was  of  ca.  5  wt%.  Then, 
the  solution  was  poured  into  a  cylindrical  mould  (ca.  30-mm  height 
and  10-15-mm  diameter)  and  kept  at  50  °C  for  2  h.  In  these  condi¬ 
tions,  the  cellulose-NaOH-water  solutions  are  gelling  irreversibly 
[24].  The  resulting  cylindrical  gels  were  ready  for  further  treatment. 

The  next  step  was  the  cellulose  regeneration.  Regenerating  the 
cellulose  consists  of  replacing  cellulose  solvent,  7.6%  NaOH-water 
solution,  by  a  non-solvent,  water  in  our  case.  For  this  purpose, 
cellulose-NaOH-water  gels  were  placed  into  a  water  bath  at  50  °C. 
A  phase  separation  occurs  and,  as  a  result,  a  swollen-in-water  cel¬ 
lulose  “network”  is  formed,  the  sample  keeping  its  initial  shape. 
The  first  sample  (AC1 )  was  regenerated  in  distilled  water,  whereas 
the  second  (AC2)  was  regenerated  in  tap  water,  in  order  to  check 
whether  this  simplification  influences  or  not  the  final  properties  of 
carbonized  sample. 

The  third  step  consists  of  drying  the  regenerated  swollen-in- 
water  cellulose.  In  order  to  prevent  pore  collapsing  because  of  the 
existence  of  capillary  pressure  gradient  appearing  in  the  pores  due 
to  formation  of  a  liquid-vapor  meniscus  if  gels  are  dried  by  evap¬ 
oration,  we  performed  a  supercritical  drying  [25,26].  C02  was  the 
solvent  used  because  of  its  low  critical  temperature  (31.1  °C)  and 
mild  critical  pressure  (73.8  bar)  [27,28].  Before  drying,  water  was 
exchanged  with  acetone,  a  fluid  that  is  soluble  both  in  supercriti¬ 
cal  CO2  and  liquid  water.  Acetone-swollen  cellulose  cylinders  were 
obtained  after  water/acetone  exchange  and  washed  in  an  autoclave 
with  C02  in  supercritical  conditions  until  all  the  interstitial  ace¬ 
tone  was  recovered.  The  system  was  then  slowly  and  isothermally 
depressurized  down  to  atmospheric  pressure  and  cooled  down  to 
room  temperature  (see  details  on  drying  in  supercritical  conditions 
in  Ref.  [25]). 

After  drying,  pure  and  white-colored  aerocellulose  cylinders 
were  extracted  from  the  autoclave  at  room  temperature.  The  poros¬ 
ity  and  morphology  of  the  aerocellulose  samples  will  be  given  in 
Section  3,  in  comparison  with  those  for  the  carbonized  samples. 


2.4.  Pyrolysis  of  aerocellulose 

Prior  to  pyrolysis,  we  investigated  the  aerocellulose  thermal 
behavior  by  thermogravimetric  analysis  (TGA)  and  differential 
thermal  analysis  (DTA)  to  determine  the  appropriate  pyrolysis 
heating  regime.  The  measurement  of  aerocellulose  weight  loss 
upon  heating  was  performed  on  a  Netzsch  STA  409  PC  instrument 
computer-controlled  using  Proteus  Thermal  Analysis  software.  The 
initial  weight  of  aerocellulose  sample  was  about  20  mg.  Two  proce¬ 
dures  have  been  used.  In  the  first  one,  the  sample  was  first  heated  to 
40  °C  and  kept  at  this  temperature  for  0.5  h  under  primary  vacuum 
and  then  for  1.5  h  under  argon  flow  (20  mL  min-1  on  the  quartz  crys¬ 
tal  microbalance  +  60  mL  min-1  on  the  sample),  in  order  to  expel  the 
adsorbed  water.  After  the  mass  stabilization,  it  was  heated  with  a 
heating  rate  of  2  °C  min-1  from  40  to  1200  °C  in  the  80mLmin-1 
argon  gas  flow.  In  the  second  procedure,  the  aerocellulose  was 
heated  from  room  temperature  to  1200  °C  in  a  single  monotonous 
temperature  ramp  of  2  °C  min-1 ,  also  under  80  mL  min-1  argon  gas 
flow  (Fig.  1).  For  both  procedures,  the  data  were  corrected  from  a 
benchmark  measurement  using  an  empty  sample  crucible,  while 
a  reference  containing  ca.  20  mg  A1203  was  heated  together  with 
the  aerocellulose.  As  it  will  be  shown  in  Section  3,  the  procedure  of 
aerocellulose  heating  practically  does  not  influence  its  final  weight 
loss.  Thus  the  samples  were  eventually  pyrolyzed  without  isother¬ 
mal  step  at  low  temperature. 
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Fig.  1.  TGA  and  DTA  of  aerocellulose  performed  following  the  second  procedure  (see 
details  in  the  text):  from  20  to  1200  °C  at  2  °C  min-1  under  80  mL  min-1  Ar  flow. 


The  aerocellulose  samples  were  pyrolyzed  using  a  laboratory 
furnace  under  nitrogen  atmosphere,  with  a  flow  of  5Lmin_1.  We 
used  a  reference  carbon  sample  inside  the  furnace,  the  mass  of 
which  did  not  change  upon  pyrolysis,  thus  guarantying  the  absence 
of  leaks  during  the  process.  A  constant  gas  flow  was  chosen  to  rea¬ 
sonably  flush  the  pyrolysis-exhausted  gas,  in  order  to  limit  carbon 
oxidation  by  the  oxygen  contained  in  the  sample.  The  temperature 
was  controlled  by  a  thermocouple  located  near  the  sample;  the 
sample  temperature  lies  about  20  °C  below  the  set  temperature  at 
the  plateaus.  The  pyrolysis  cycle  consisted  of  (i)  a  heating  ramp  of 
2  °C  min-1  from  ambient  temperature  to  330  °C  (which  is  just  above 
the  temperature  of  the  major  weight  loss,  see  Fig.  1 ),  then  (ii)  a  sta¬ 
tionary  plateau  of  2  h  at  330  °C,  followed  by  (iii)  a  second  heating 
ramp  of  2°Cmin-1  up  to  830  °C  (this  temperature  being  chosen 
because  the  pyrolysis  process  seems  to  be  finished  above  700 °C, 
see  Fig.  1 ),  followed  by  (iv)  a  plateau  of  4  h  at  830  °C,  and  finally  (v) 
cooling  down  to  the  ambient  temperature  by  thermal  inertia  under 
nitrogen  flow.  The  slow  heating  ramp  (2  °C  min-1 )  of  such  pyrolysis 
cycle  was  chosen  to  prevent  the  creation  of  any  temperature  gradi¬ 
ent  inside  the  sample,  so  as  to  obtain  homogeneous  structure  and 
composition  throughout  the  whole  sample.  The  long  isothermal 
step  at  830  °C  aimed  at  obtaining  a  clean  (free  from  carbon  oxide 
groups)  carbon  surface  [29,30]  for  the  carbonized  aerocellulose. 

2.5.  Carbonized  aerocellulose  activation 

The  CAC  samples  obtained  after  pyrolysis  (see  Section  2.4)  were 
heat-treated  to  be  used  as  substrate  for  platinum  nanoparticles 
deposition.  The  samples  were  first  finely  grounded  and  then  acti¬ 
vated  in  C02  atmosphere  at  700,  800  or  900  °C  during  1  h  (as  well 
as  2  h  for  800  °C)  and  gently  cooled  down  to  ambient  temperature 
during  1  h  under  a  C02  stream. 

2.6.  Platinum  salt  insertion  and  reduction  onto  CAC 

The  impregnation  step  was  done  immediately  after  activation, 
suspending  50  mg  grounded  CAC  powder  in  a  water-isopropanol 
solution  containing  H2PtCl6,  as  described  in  Ref.  [15]  (the  platinum 
loading  was  targeted  as  20wt%,  i.e.  mpt/(mpt +  mCAc)  =  0.2).  After 
impregnation,  the  platinum  salt  was  chemically  reduced,  directly 
pouring  an  excess  amount  (typically  4x)  of  NaBH4  in  the  impreg¬ 
nation  solution,  under  ultrasonic  stirring.  The  Pt-impregnated  CAC 
was  then  thoroughly  washed  with  500  mL  boiling  water  and  filtered 
to  remove  the  unreduced  platinum  salt  (which  has  been  observed 
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Table  1 

Weight  loss  of  aerocellulose  as  a  function  of  temperature  from  TGA  for  two  procedures  used  (see  details  in  the  text)— A:  sample  dried  under  vacuum  for  2  h  at  40  °C  isothermal 
step;  B:  monotonous  temperature  increase 


Temperature  range  (°C) 

20-40 

40 

40-180 

180-330 

330-700 

700-1200 

Total 

Weight  loss  A  (%) 

- 

6.8 

0 

71.0 

8.5 

1.4 

87.7 

Weight  loss  B  (%) 

0 

- 

8.9 

72.2 

8.1 

1.8 

91 

for  highly  loaded  Pt/carbon  materials  [31])  and  boron-containing  3.  Results  and  discussion 
species  (mainly  boric  acid  [11]),  and  dried  by  evaporation  at  50  °C. 

Such  reduced  and  cleaned  materials  are  labeled  Pt/CAC.  3.1  Thermogravimetric  analysis  and  pyrolysis  of  the  aerocellulose 


2.7.  Electrochemical  characterization  of  Pt/CAC 

In  order  to  characterize  Pt/CAC  electrochemical  activity,  an 
active  layer  was  prepared,  as  described  in  Refs.  [11,15].  It  contained 
ca.  91  [xg  Pt/CAC  composed  of  18  |xg  Pt,  73  [xg  of  CAC  and  ca.  30  wt% 
Nation®.  We  considered  the  Pt/CAC  loading  was  equal  to  that  tar¬ 
geted  after  impregnation/reduction  of  the  PtCl62-  salt;  such  loading 
was  used  for  the  mass  activity  (MA)  calculations. 

The  experiments  were  carried  out  on  a  rotating  disk  electrode 
(EDT  101,  Tacussel)  setup  in  1  M  sulfuric  acid  at  room  temperature 
(20  ±  3  °C).  The  electrochemical  cell  was  connected  to  a  potentiostat 
PAR  273  (EG&G)  with  a  Pt  counter  electrode  and  a  saturated  calomel 
electrode  (SCE,  +0.245  V  vs.  reference  hydrogen  electrode,  RHE)  as 
reference.  All  the  potentials  are  nevertheless  expressed  on  the  RHE 
scale. 

The  active  area  of  platinum  was  determined  from  COad-stripping 
coulometry  after  3-5  min  of  CO-bubbling,  the  solution  was  flushed 
by  nitrogen  bubbling  in  the  solution  for  ca.  30  min  to  remove 
any  trace  of  bulk  CO  in  the  electrolyte.  During  this  procedure, 
the  electrode  was  held  at  295  mV  versus  RHE,  after  which  two 
cyclic  voltammograms  (CV)  cycles  were  recorded  under  inert  atmo¬ 
sphere  at  10  or  50  mV  s-1  from  the  hydrogen  to  the  platinum  oxide 
region  (typically,  between  45  and  1245  mV  vs.  RHE).  The  active  area 
of  platinum  was  then  determined  from  the  COad-stripping  peak 
coulometry,  isolated  by  subtracting  the  2nd  cycle  of  the  CV  to  the 
1st  one;  this  peak  is  usually  located  in  the  potential  range  from 
ca.  600  to  1000  mV  vs.  RHE.  The  calculation  assumes  a  full  mono- 
layer  of  CO  was  adsorbed  over  platinum,  which  corresponds  to 
420  [xC  cm-2  [32].  The  CAC  double  layer  capacitance  was  calculated 
from  the  double  layer  current  of  the  voltammograms,  assuming 
the  well  admitted  value:  Cdl  =  10  [xF cm-2  [30].  From  this  value  and 
knowing  the  mass  of  carbon  for  each  electrode,  we  estimated  the 
double  layer  (specific)  area  of  the  CAC  samples  (Sdl).  We  point  out 
that  although  the  value:  Cdl  =  10  |xF  cm-2  was  measured  for  Vulcan 
XC72,  we  nevertheless  assumed  its  validity  for  the  CAC  materials. 

ORR  kinetic  parameters  of  the  Pt/CAC  materials  were  deter¬ 
mined  for  oxygen-saturated  electrolytes.  For  this  purpose,  we 
applied  a  permanent  02  bubbling  in  the  solution  during  the  mea¬ 
surements  to  maintain  02  concentration  in  the  electrolyte  at  its 
saturation  value.  Before  each  linear  quasi-steady-state  voltamme¬ 
try  (1  mV  s-1 ),  the  working  electrode  was  held  for  1  min  at  945  mV 
vs.  RHE  to  ensure  a  reproducible  platinum  initial  state  of  sur¬ 
face.  We  varied  the  RDE  rotation  speed  from  500  to  4000  rpm  to 
enable  correction  from  oxygen  diffusion-convection  limitations 
using  the  well-known  Levich  theory  [33].  The  so-obtained  ORR 
kinetic  current  density,  ik  =  (i  x  i\)/{i\  -  i)  with  i\  the  limiting  cur¬ 
rent  and  i  the  measured  (experimental)  current  density  (which  is 
the  function  of  the  electrode  potential),  yields  classical  Tafel  lines 
in  the  low  current  density  region,  from  which  we  extract  the  Tafel 
slope  (b)  and  the  current  density  measured  at  845  or  895  mV  vs. 
RHE  (*895 )•  From  these  values,  we  calculated  the  specific  (SA845  or 
SA895 )  ORR  activities  (current  densities  reduced  to  the  active  area  of 
platinum). 


Fig.  1  shows  a  typical  thermogravimetric  plot  for  aerocellulose, 
using  the  second  TGA  procedure  (monotonous  heating  ramp  of 
2°Cmin_1  from  room  temperature  to  1200  °C).  Table  1  presents 
the  weight  losses  of  the  aerocellulose  at  various  temperature  inter¬ 
vals,  obtained  from  the  both  thermogravimetric  cycles.  The  first 
weight  loss  occurs  either  during  the  isothermal  step  at  40  °C,  under 
vacuum  for  0.5  h  and  Ar  for  1.5  h  (first  TGA  procedure)  or  below 
180  °C  (second  TGA  procedure).  Below  180  °C,  the  sample  typically 
loses  7-9  wt%  of  its  initial  mass,  which  mainly  corresponds  to  water 
evaporation  from  the  sample.  The  main  weight  loss  occurs  between 
180  and  330  °C  (ca.  71-72wt%).  According  to  Banyasz  et  al.  [34], 
this  loss  corresponds  to  the  formation  of  volatile  species  such  as: 
CO,  C02  and  formaldehyde  produced  during  the  pyrolysis  of  cel¬ 
lulose.  The  total  weight  loss  recorded  during  both  TGA  procedures 
is  ca.  90%,  whatever  the  cycle  chosen.  Cellulose  being  composed 
of  44.4%  carbon,  the  theoretical  mass  loss  should  be  much  lower, 
ca.  55.6%,  provided  all  the  carbon  remains  and  all  the  non-carbon 
species  are  volatilized.  Our  higher  weight  loss  value  suggests  that 
some  carbon  species  have  volatilized  during  the  pyrolysis,  follow¬ 
ing  C-C  binding  break,  in  agreement  with  some  literature  data  [35  ]. 
Such  high  weight  loss  can  result  from  evaporation  of  levoglucosan 
[36]  and  its  subsequent  degradation  into  volatile  species  like  CO, 
C02,  methanol,  acetic  acid,  etc.  [37,38].  These  evolving  O-containing 
gases  (i.e.  C02,  CO,  anhydro  sugars,  etc.  [34,38,39])  could  become 
activators  for  carbon  combustion  (thus  acting  as  combustion  gases), 
which  will  be  discussed  in  Sections  3.2  and  3.3. 

For  all  carbonized  aerocellulose  samples  obtained  from  aero¬ 
cellulose  made  from  cellulose/NaOH/water  gels  and  pyrolyzed  (at 
830  °C)  as  described  in  Section  2.4,  the  total  weight  loss  after 
pyrolysis  was  82.7%  and  85.4%  for  CAC1  and  CAC2,  respectively, 
in  agreement  with  what  we  expected  from  the  TGA  and  literature 
data  [35].  The  total  volume  loss  during  pyrolysis,  obtained  by  mea¬ 
suring  the  macroscopic  dimensions  of  both  aerocellulose  samples 
before  and  after  pyrolysis,  reached  ca.  90%.  Nevertheless,  the  sam¬ 
ples  keep  their  monolithic  initial  shape  after  pyrolysis,  as  seen  on 
the  photographs  of  Fig.  2. 


Fig.  2.  Photographs  of  aerocellulose  sample  1  before  (AC1)  and  after  (CAC1)  pyrol¬ 
ysis.  The  magnification  of  both  photographs  is  identical. 
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Table  2 

Elemental  composition  of  the  two  aerocellulose  samples  obtained  from  cellulose/NaOH/water  gels  before  and  after  pyrolysis 


3.2.  Elemental  analysis  of  the  carbonized  aerocellulose 

Elemental  analyses  of  aerocellulose  before  and  after  pyrolysis 
were  performed  at  the  Service  Central  d ’Analyse  (CNRS,  Vernaison, 
France).  The  results  are  summarized  in  Table  2.  The  amount  of  car¬ 
bon  is  slightly  higher  for  CAC1  than  CAC2  (90.8  wt%  vs.  88.6  wt%), 
while  the  hydrogen  content  is  almost  twice  higher  in  CAC2  than 
CAC1  (1.92  wt%  vs.  1.07  wt%).  Both  carbonized  aerocellulose  materi¬ 
als  still  present  high  quantities  of  oxygen  (4.3-4.5  wt%)  or  hydrogen 
(1.07-1.92  wt%).  This  is  a  sign  of  an  incomplete  carbonization, 
despite  the  long  duration  of  the  pyrolysis  cycle  (see  Section  2.4). 
Note  that  the  total  weights  shown  in  Table  2  do  not  reach  100,  which 
may  result  from  the  fact  that  the  oxygen  content  measurement  is 
sensitive  to  humidity,  non-negligible  humidity  content  (adsorbed 
water)  being  evidenced  from  TGA  (see  Fig.  1  and  Table  1 ).  Moreover, 
SEM-EDS  or  XPS  spectra  showed  the  presence  of  Na,  K  or  Ca  in  the 
CAC2  sample  ( EDS  ort  XPS  spectra  not  shown  for  the  sake  of  brevity ). 
This  means  that  cellulose  is  adsorbing  metal  ions  from  tap  water. 
The  presence  of  such  non-carbon  elements  within  the  CAC  compo¬ 
sition  may  influence  their  properties,  as  will  be  discussed  in  Section 

3.3.  Note  that  the  presence  of  metal  cations  has  already  been  shown 
to  increase  the  pyrolysis  effectiveness  and  lower  the  temperature  at 
which  the  pyrolysis  reaction  occurs  [40,41  ].  In  Section  3.4,  we  will 
check  whether  the  presence  of  metal  ions  in  carbonized  aerocellu¬ 
lose  is  detrimental  to  its  potential  use  as  electrocatalyst  substrate 


for  PEMFC  applications.  We  nevertheless  point  out  that  the  pres¬ 
ence  of  such  metal  cations  in  CAC2  would  probably  be  detrimental 
to  the  proton  exchange  membrane,  if  this  material  was  to  be  used 
in  PEMFC  [42]. 

3.3.  Porosity  of  the  aerocellulose  samples  and  their  carbon 
counterparts 

An  example  of  aerocellulose  and  (platinum-free)  carbonized 
aerocellulose  morphology,  observed  by  SEM,  is  shown  in  Fig.  3a 
and  b,  respectively.  Corresponding  TEM  images  are  presented  in 
Fig.  3c  and  d.  The  initial  highly  porous,  cloudy ,  aerocellulose  mor¬ 
phology  becomes  denser  after  pyrolysis,  but  still  remains  very 
porous.  The  density  of  pyrolyzed  samples  is  in  average  three  to  four 
times  higher  than  that  of  the  initial  aerocellulose  (0.3-0.4  g  cm-3  vs. 
0.1  -0.1 5  g  cm-3 ,  respectively),  in  agreement  with  the  overall  aspect 
of  the  AC  and  CAC  samples  (see  Fig.  2).  There  is  practically  no  differ¬ 
ence  between  the  aerocellulose  and  the  corresponding  carbonized 
aerocellulose  structures,  as  seen  by  TEM,  at  the  level  of  mesoporos- 
ity. 

In  these  preparation  conditions,  the  shape  of  AC1  and  AC2 
(before  pyrolysis)  pore  size  distribution,  obtained  from  mercury 
porosimetry,  is  essentially  identical.  Therefore,  only  the  data  for  AC2 
are  presented  on  Fig.  4.  The  pore  size  distribution  for  AC2  (and  AC1 ) 
is  obviously  bimodal,  with  macropores  and  mesopores  diameters 


Fig.  3.  SEM  images  of  aerocellulose  AC1  (a)  and  its  carbon  counterpart  CAC1  (b);  TEM  images  for  AC2  (c)  and  CAC2  (d). 
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Table  3 

Effect  of  the  thermal  activation  treatment  on  the  CAC1  weight  loss  (upon  activation)  and  active  (double  layer)  areas  and  resulting  platinum  active  areas  and  ORR  kinetic 
parameters  for  Pt/CACl  as  well  as  the  benchmark  commercial  (E-TEK)  20  wt%  Pt/Vulcan  XC72  sample 


Sample 

Activation 

Weight  loss  (%) 

Sdi(m2  g-1) 

Spt-co  (m2  g"1; 

)  b  (mV dec-1; 

)  SAg45  (p>Acm— 2  Pt) 

SA895  (iJuAcirr2  Pt) 

MA845  (Ag 

'Pt)  MA895  (Ag-1  Pt) 

Pt/CACl 

lh,  700  °C 

7 

410  ±  10 

4.1  ±0.1 

-74  ±0.5 

150  ±1.0 

35 

6.2 

1.4 

lh,  800  °C 

13 

450  ±  120 

8.9  ±0.4 

-74  ±2 

130  ±16 

33  ±2.5 

11 

3.0 

lh,  900  °C 

50 

690  ±  140 

7.7  ±0.8 

-79  ±3 

130  ±17 

36  ±6.1 

10 

2.80 

Raw 

- 

560  ±  7.5 

4.1  ±0.2 

-85 

97 

28 

4.0 

1.1 

Pt/Vulcan  XC72 

E-Tek 

- 

- 

72 

-70 

- 

31 

- 

43 

centered  on  ca.  500  and  30-40  nm,  respectively.  The  pyrolysis  basi¬ 
cally  shifts  the  distribution  towards  smaller  pore  size  values,  but 
seemingly  in  a  different  way  for  the  two  samples.  On  the  one  hand 
for  CAC1,  macropores  of  ca.  100  nm  and  mesopores  of  30-40  nm 
diameter  are  observed.  The  bimodal  pore  distribution  is  conserved 
upon  pyrolysis.  CAC2  only  exhibits  small  macropores  of  ca.  100- 
nm  diameter,  and  the  bimodal  pore  distribution  seems  to  be  lost. 
It  is  worth  noting  here  that  mercury  porosimetry  is  only  valid  for 
mesopores  and  small  macropores  of  diameter  greater  than  7.5  nm 
[5,6,16].  Smaller  pores  are  presumably  useless  regarding  PEMFC 
electrocatalysts,  since  they  do  not  enable  facile  reactant/product 
(e.g.  02  and  H20,  respectively)  transport  to/from  the  active  sites 
[5,6,43].  We  assume  that,  the  bimodal  pore  distribution  could  have 
also  been  conserved  for  CAC2,  with  generation  of  pores  smaller 
than  7.5-nm  diameter,  not  detectable  from  Hg  porosimetry.  This 
complex  behavior  for  CAC2  may  be  associated  to  the  exhaust  of  the 
combustion  gases  mentioned  in  Section  3.1.  These  gases  likely  orig¬ 
inate  from  the  bulk  of  the  samples  in  the  course  of  their  pyrolysis, 
and  their  concentration  in  oxidizing  components  (e.g.  H20,  C02,  CO, 
CH20  [36-38,40])  may  increase  as  they  evolve  out  of  the  sample, 
yielding  the  cracking  of  C-C  bonds  within  the  cellulose  network 
and  the  concomitant  creation  of  carbonyl  groups  [40],  hydrocar¬ 
bons  [44],  hydrogen  or  methane  [39,40,44].  Thus,  the  evolution  of 
such  gaseous  species  could  yield  small  macropores  with  detriment 
to  mesopores.  Macropores  have  indeed  been  evidenced  by  mercury 
porosimetry.  The  possible  presence  of  metal  cations  in  AC2  ( see  Sec¬ 
tion  3.2),  likely  enhances  this  phenomenon  [40,41,44].  The  pyrolysis 
could  also  start  at  lower  temperature  in  AC2  (favored  by  the  pres¬ 
ence  of  metal  cations),  giving  more  time  to  the  carbon  network  to 
reorganize  during  the  heat  treatment.  As  a  result,  meso-  or  micro¬ 
pores  (diameter  below  7.5  nm)  would  be  generated  for  CAC2.  This 
latter  hypothesis  goes  in  line  with  the  fact  that  (i)  both  CAC  samples 
exhibit  specific  area  beyond  400  m2  g-1 ,  as  measured  from  electro¬ 
chemistry  (see  the  double  layer  areas:  Sd i  in  Table  3),  and  that  (ii) 
such  high  specific  area  cannot  be  reached  only  with  the  macrop¬ 
ores  (ca.  100-nm  diameter)  detected  from  Hg  porosimetry  for  CAC2. 
This  indirectly  demonstrates  the  presence  of  small  mesopores  (or 


even  micropores)  for  CAC2.  Note  that  such  high  specific  area  (espe¬ 
cially  for  diameter  above  ca.  10  nm,  which  are  compatible  with  low 
mass-transport  hindrance  to/from  the  active  sites)  is  suitable  for 
reaching  high  dispersion  for  the  platinum  nanoparticles  onto  the 
CAC  surface  [5,6,11]. 

3.4.  Influence  of  impurities  on  the  surface  of  carbonized 
aerocellulose  on  platinum  insertion 

The  elemental  analysis  (see  Section  3.2)  revealed  that  non¬ 
carbon  elements  are  not  negligible  within  the  CAC  composition. 
These  may  either  be  located  in  the  bulk  of  the  carbonized  aero¬ 
cellulose  structure  or  on  the  surface.  In  order  to  check  the  nature 
of  the  surface  groups  from  both  CAC  samples,  we  performed  IR 
spectroscopy  on  both  materials  before  and  after  the  thermal  acti¬ 
vation.  Fig.  5  shows  that  the  raw  (non-activated)  CAC  samples 
display  higher  amounts  of  oxygenated  surface  groups.  Such  surface 
groups  can  be  partly  eliminated  by  thermal  activation  (preced¬ 
ing  Pt  insertion  procedure):  after  such  activation,  some  of  the 
OH  and  CO  groups  (the  nature  of  which  was  extensively  stud¬ 
ied  in  Ref.  [15])  disappear,  as  clearly  seen  on  Fig.  5,  which  shows 
a  wide  band  appearing  in  the  range  1400-1100  cm-1.  This  likely 
results  from  the  cleaning  of  the  CAC  surface  from  oxide  surface 
groups,  e.g.  carbonyl  surface  groups  [15],  as  also  evidenced  for 
the  same  activation  treatment  of  carbon  blacks  [45].  Thus,  the 
raw  CAC  surface  is  probably  covered  by  oxygenated  species,  e.g. 
carbonyl  groups,  the  production  of  which  has  been  shown  to 
increase  during  pyrolysis  when  alkali  metal  cations  are  present 
[40],  in  agreement  with  CAC2  elemental  composition  (see  Section 
3.2). 

Sections  3.2  and  3.3  showed  that  it  was  possible  to  prepare 
two  CAC  samples  bearing  rather  identical  physical  parameters  (e.g. 
pore  size  distribution,  specific  area).  We  studied  these  two  samples 
for  platinum  insertion,  using  the  same  techniques  of  Pt  impregna¬ 
tion/reduction  and  characterization  of  the  Pt  specific  area.  Despite 
the  very  small  apparent  differences  between  these  two  carbon 
materials,  it  appears  that  electrochemical  experiments  in  electro- 
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pore  diameter  /  pm 

Fig.  4.  Pore  size  distribution  obtained  from  mercury  porosimetry  for  AC2,  CAC1  and 
CAC2  samples. 
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Fig.  5.  Normalized  IR  absorption  spectra  (Araw  -  Aativated  )/Araw  showing  the  influence 
of  the  thermal  activation  treatment  (1  hat  800  °C;  CO2  atmosphere)  on  CAC2  surface 
chemistry. 
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Fig.  6.  Comparison  of  raw  and  activated  (1  h,  800  °C)  samples  (a)  and  influence  of 
the  activation  temperature  (b)  on  the  COad-stripping  voltammograms  for  Pt/CACl 
sample-1  M  H2S04,  25  °C,  SOmVs-1. 

catalysis  require  the  maximum  surface  cleanness  possible:  even 
after  activation,  the  Pt  insertion  could  not  be  optimized  for  the  CAC2 
sample.  Although  it  has  been  possible  to  deposit  Pt  nanoparticles 
over  CAC2,  these  were  blocked  by  poison  adsorbates  (metal  cations, 
strongly  adsorbing  anions  (e.g.  Cl-)  or  organic  impurities).  This 
was  particularly  detected  during  COad-stripping  experiments,  for 
which  the  second  cycle  showed  the  absence  of  any  hydrogen  des¬ 
orption  feature  from  the  Pt/CAC2  nanoparticles  (curves  not  shown 
for  brevity).  As  discussed  in  Ref.  [11  ],  CO  is  strongly  adsorbed  over 
Pt,  which  can  yield  to  pollution  displacement.  However,  this  pol¬ 
lution  is  not  eliminated  (just  displaced  by  COad)  and  may  diffuse 
back  to  the  Pt  particles  upon  COad -stripping,  thus  inhibiting  any  Pt 
activity  (and  particularly  H-adsorption/desorption). 

On  the  contrary,  the  COad-stripping  from  Pt/CACl  (Fig.  6) 
exhibits  the  expected  shape  for  carbon-supported  Pt  nanoparticles 
(see  for  example  Refs.  [11,32,46]).  Because  of  the  difficulties  regard¬ 
ing  the  use  of  CAC2,  we  focused  on  CAC1  to  investigate  the  optimal 
experimental  conditions  to  deposit  Pt  nanoparticles. 

We  studied  the  impact  of  the  CAC1  thermal  activation  on  the 
possibility  to  deposit  Pt  nanoparticles  at  its  surface.  While  no 
activation  yields  poor  Pt  insertion  (the  surface  chemistry  is  then 
complex  and  prevents  PtCl62-  adsorption),  1-h  activation  at  800  °C 
(i.e.  a  temperature  close  to  the  CAC  final  pyrolysis  temperature) 
yields  much  better  results  (Fig.  6a). 

Knowing  that  a  thermal  activation  step  is  beneficial,  we 
attempted  to  determine  the  most  suitable  activation  temperature. 
Fig.  6b  and  Table  3  show  that  the  highest  active  area  of  platinum 
(determined  from  COad -stripping  coulometry)  is  obtained  for  1  h 
activation  at  800  °C,  compared  to  700  and  900  °C.  A  likely  reason 
is  that  at  700  °C  the  surface  cleaning  brought  by  the  activation  is 
not  sufficient  (i)  to  enable  the  anionic  platinum  adsorption  from 
chloroplatinic  acid  impregnation  and  (ii)  to  open  the  microporosity 
[45].  PtCl62-  adsorption  is  indeed  known  to  be  favored  for  carbon 


Fig.  7.  XRD  spectra  for  the  Pt/CACl  samples  obtained  without  or  with  an  activation 
(thermal)  treatment  of  the  CAC1  material. 


substrates  free  of  oxygenated  surface  groups  [47-50].  As  a  result, 
less  carbon  surface  is  available  for  Pt  salt  adsorption,  resulting  in 
lower  active  area  of  platinum.  The  ca.  2  times  lower  double  layer 
current  for  CAC1  activated  at  700  °C  (compared  to  the  two  other 
samples)  agrees  with  such  hypothesis.  Conversely  at  900  °C,  the 
surface  cleaning  and  porosity  opening  are  probably  more  efficient. 
However,  such  harsh  thermal  activation,  which  is  known  to  open 
and  widen  the  narrow  microporosity  [51  ],  may  destruct  the  inter¬ 
nal  CAC  structure;  such  process  is  more  severe  at  high  burn  off 
rates  (ca.  above  50wt%  loss)  and/or  activation  temperature  typi¬ 
cally  above  900  °C  [52].  The  high  weight  loss  upon  activation  at 
900  °C  (Table  3)  is  consistent  with  the  results  reported  in  the  liter¬ 
ature. 

We  completed  these  observations  by  a  morphological  study 
of  the  Pt  nanoparticles  using  XRD  (Fig.  7)  and  TEM  (Fig.  8)  for 
the  Pt/CAC  materials.  Both  XRD  and  TEM  data  reveal  (i)  the  little 
graphitization  of  the  CAC  samples  and  (ii)  the  very  mild  influ¬ 
ence  of  the  activation  step  on  the  Pt  particles  morphology.  The 
average  Pt  crystallite  sizes,  determined  from  XRD  (Fig.  7),  hardly 
varies  with  the  activation  treatment:  they  are,  respectively  4.1, 
4.0  and  5.2  nm  for  the  1  h,  800  °C;  1  h,  700  °C  and  raw  Pt/CAC 
samples.  These  crystallites  sizes  agree  with  those  of  the  individ¬ 
ual  particles  detected  in  high-resolution  TEM  (Fig.  8,  lower  right 
picture).  However,  all  TEM  pictures  of  Fig.  8  show  these  crystal¬ 
lites  are  essentially  agglomerated  into  larger  clusters  of  ca.  20  nm 
or  more  (the  cluster  size  varies  with  the  samples).  Such  extent 
of  agglomeration  renders  meaningless  any  attempt  to  determine 
particle  size  distribution  histograms.  It  can  result  both  from  the 
rather  high  coverage  in  surface  oxide  groups  on  all  CAC  samples 
and  the  method  of  reduction  of  the  adsorbed  Pt  salt  (in  aque¬ 
ous  solution  of  BH4-).  Fig.  8  nevertheless  confirms  that  1  h-800°C 
is  probably  the  more  appropriate  activation  treatment  performed 
in  the  present  case,  since  the  agglomerates  are  more  open  (less 
dense  and  thus  accessible  from  the  electrochemical  point  of  view). 
We  nevertheless  realize  that  even  the  Pt/CAC  1  h-800°C  is  not  at 
all  yet  competing  with  the  commercial  materials,  which  is  con¬ 
firmed  by  the  ca.  10  times  lower  MA  values  of  all  Pt/CAC  samples  in 
Table  3. 

The  slight  decrease  of  the  contact  angles  with  activation  tem¬ 
perature  increase  (Table  4)  shows  that  CAC1  becomes  mildly  more 
hydrophilic  upon  activation,  as  long  as  the  activation  temperature 
remains  below  that  of  the  pyrolysis  (i.e.  800  °C).  This  is  surprising 
as  one  would  expect  that  further  heat  treatment  (under  CO 2)  cleans 
the  surface,  but  confirms  the  TEM  observations.  It  should  be  noted 
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Fig.  8.  TEM  images  for  the  Pt/CACl  samples  obtained  without  or  with  an  activation  (thermal)  treatment  of  the  CAC1  material. 


Table  4 

Hydrophilicity  tests  for  CAC1  performed  for  15  |jlL  water  drop  under  water-saturated 
atmosphere  at  21  °C;  the  contact  angle  of  the  water  drop  was  measured  right  upon 
the  drop  deposition 


Activation 

Contact  angle  (°) 

Raw 

150  ±  2 

lh,  700  °C 

149  ±  0 

lh,  800°C 

143  ±  0.4 

lh,  900  °C 

- 

that  the  surface  of  CAC1  activated  at  900  °C  was  so  hydrophobic  that 
any  measurement  of  the  contact  angle  was  impossible.  These  data 
confirm  that  activation  below  the  pyrolysis  temperature  has  a  very 
little  impact  on  the  CAC  surface  properties.  On  the  contrary,  acti¬ 
vation  at  temperature  above  pyrolysis  temperature  impacts  more 
dramatically  both  the  surface  properties  and  the  CAC  morphology 
(the  pyrolysis  indeed  continues),  as  already  observed  for  carbon 
aerogels  elaborated  from  the  cellulose  acetate  route  [15].  As  a 
consequence,  it  is  probably  wiser  to  avoid  any  activation  step.  Pre¬ 
vious  studies  on  carbon  aerogel  from  the  resorcinol-formaldehyde 
route  [5,6,11]  showed  an  activation  step  after  pyrolysis  is  not  nec- 
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Fig.  9.  Quasi-steady-state  voltammograms  (a)  and  related  Tafel  slopes  (b)  for  ORR 
on  Pt/CACl  activated  for  1  h  at  800  °C— 1  M  H2SO4,  25  °C,  1  mV s_1 . 

essary  when  higher  pyrolysis  temperature  is  used  ( ca .  1050  °C). 
One  can  think  that  nanostructured  carbons  from  the  cellulose 
route  would  not  need  any  thermal  activation  step,  provided  their 
pyrolysis  temperature  is  high  enough  to  yield  sufficiently  clean 
CAC  materials  (e.g.  above  1000 °C,  see  Refs.  [5,6,11]).  This  topic  is 
beyond  the  scope  of  the  present  paper,  but  will  be  studied  in  the 
future. 

3.5.  Oxygen  reduction  reaction  kinetics  for  Pt/CACl 

As  shown  above,  the  best  procedure  of  carbon  aerocellulose 
treatment  we  found  (for  CAC  materials  obtained  from  pyrolysis  at 
800  °C)  is  to  activate  CAC1  at  800  °C  for  1  h  under  C02  atmosphere. 
We  nevertheless  investigated  the  raw  and  activated  CAC1  materi¬ 
als  towards  the  oxygen  reduction  reaction.  Fig.  9a  shows  typical 
quasi-steady-state  ORR  voltammograms  obtained  in  the  porous- 
RDE  configuration  [19,20].  They  exhibit  plateaus  demonstrating 
oxygen  diffusion-convection  limitation  at  high  ORR  overpotential. 
Using  the  Levich  theory,  we  calculated  the  ORR  current  densi¬ 
ties  corrected  from  02  diffusion  in  solution  [33]  and  plotted  them 
in  the  Tafel  plane  (Fig.  9b).  From  this  plot,  we  extract  the  ORR 
kinetic  parameters  (Tafel  slope  in  the  low  current  density  region: 
b  and  specific  activities:  SA845  or  SA895),  which  are  summarized 
in  Table  3.  The  results  show  that  whatever  the  activation  pro¬ 
cedure,  Pt/CACl  samples  exhibit  smaller  mass  activities  than  the 
commercial  Pt/Vulcan  XC72  electrocatalyst.  Flowever,  they  show 
comparable  or  slightly  higher  ORR  specific  activities  to  that  for  our 
benchmark  (commercial)  20  wt%  Pt/Vulcan  XC72  sample.  This  high¬ 
lights  the  benefit  of  using  such  green  materials  as  electrocatalyst 
support  for  Pt  nanoparticles,  provided  their  elaboration  procedure 
prevents  any  surface  pollution.  Nevertheless,  more  work  is  needed 
to  optimize  the  Pt/CAC  materials,  both  from  the  CAC  state  of  surface 
(oxide  group  content)  prospective  and  from  the  platinum  deposi¬ 
tion  procedure. 


4.  Conclusions 

Nanostructured  carbonized  aerocellulose  elaborated  from 
pyrolysis  of  aerocellulose  display  high  specific  areas  (above 
400  m2g-1).  Their  carbon  content  after  such  pyrolysis  (at  830  °C 
under  nitrogen  flow)  is  below  91%,  albeit  their  weight  loss  upon 
pyrolysis  exceeded  80wt%.  These  nanostructured  new  carbon 
materials  display  very  complex  surface  chemistry  and  require  (i) 
rather  clean  elaboration  precursors,  media  and  processes  and  (ii) 
an  additional  thermal  activation  treatment  (in  C02  atmosphere), 
to  enable  efficient  Pt  insertion.  The  thermal  activation  parame¬ 
ters  have  been  studied  in  order  to  attempt  optimizing  the  Pt/CAC 
materials.  Flowever,  no  thermal  treatment  studied  appears  enough 
to  optimize  our  Pt/CAC  materials:  the  Pt  particles  are  mostly 
agglomerated,  possibly  resulting  from  the  large  amount  of  sur¬ 
face  oxide  groups  over  CAC.  The  amount  of  platinum  deposited 
onto  the  CAC  is  significant  although  the  experimental  conditions 
still  need  improvement.  We  believe  higher  pyrolysis  temperature 
should  yield  better  aerocellulose  carbonization  and  thus  facilitate 
the  Pt/CAC  elaboration  process.  The  ORR  activities  obtained  with 
the  Pt/CAC  materials  are  promising  in  term  of  specific  activities, 
since  they  are  comparable  with  that  of  similar  Pt/carbon  black  elec¬ 
trocatalysts.  Flowever,  the  mass  activities  are  still  low,  as  a  result  of 
the  Pt  particles  agglomeration  and  resulting  low  specific  surface 
area  of  platinum.  Provided  their  surface  properties  are  improved, 
these  green  cellulose-based  nanostructured  carbons  could  be  inter¬ 
esting  electrocatalyst  supports  for  Pt  nanoparticles  in  PEMFC 
applications. 
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